Forty-three strains of bifidobacteria were isolated from the faeces of two adult black lemurs, Eulemur macaco. Thirty-four were identified as Bifidobacterium lemurum, recently described in Lemur catta. The nine remaining isolates were Gram-positive-staining, non-spore-forming, fructose-6-phosphate phosphoketolase-positive, microaerophilic, irregular rod-shaped bacteria that often presented Y-or V-shaped cells. Typing techniques revealed that these isolates were nearly identical, and strain LMM_E3 T was chosen as a representative and characterized further. Phylogenetic analysis based on 16S rRNA gene sequences clustered this isolate inside the genus Bifidobacterium and showed the highest levels of sequence similarity with B. lemurum DSM 28807 T (99.3 %), with Bifidobacterium pullorum LMG 21816 T and Bifidobacterium longum subsp. infantis ATCC 15697 T (96.4 and 96.3 %, respectively) as the next most similar strains. The hsp60 gene sequence of strain LMM_E3 T showed the highest similarity to that of Bifidobacterium stellenboschense DSM 23968 T (93.3 %), and 91.0 % similarity to that of the type strain of B. lemurum. DNA-DNA reassociation with the closest neighbour B. lemurum DSM 28807 T was found to be 65.4 %. The DNA G+C content was 62.3 mol%. Strain LMM_E3 T showed a peptidoglycan structure that has not been detected in bifidobacteria so far: A3a L-Lys-L-Ser-L-Thr-L-Ala. Based on the phylogenetic, genotypic and phenotypic data, strain LMM_E3 T represents a novel species within the genus Bifidobacterium, for which the name Bifidobacterium eulemuris sp. nov. is proposed; the type strain is LMM_E3 T (5DSM 100216 T 5JCM 30801 T ).
Bifidobacteria represent one of the most important bacterial groups within the Actinobacteria, usually present in the gastrointestinal tract of humans and other mammals and the hindgut of honeybees and bumblebees (Killer et al., 2009 (Killer et al., , 2011 . They have also been isolated from waste and dairy products, where the sources could have been faecal contamination and intentional probiotic addition, respectively . As lactic acid bacteria, bifidobacteria are considered probiotic strains because of their beneficial effects and their role in maintaining the health of their host (Turroni et al., 2011) .
As has been well documented, bifidobacteria are generally host-species-specific bacteria; indeed, their occurrence and species composition in different animals is quite variable, suggesting a separation into 'human' and 'animal' groups (Ventura et al., 2004) .
A work characterizing the faecal microbiome from nonhuman wild primates highlighted that primate microbiomes are host-specific and that differences observed among primate species of different families could not be accounted for solely by differences in habitat, but revealed an evolutionary dimension (Yildirim et al., 2010) . In recent years, compelling evidence has been obtained that, in addition to diet, primate gastrointestinal microbiomes are functionally linked to their vertebrate host taxa, and are perhaps species-specific or population-specific (Yildirim et al., 2010) . To date, the diversity of cultivable bifidobacteria in non-human primates is not fully understood.
Since 2012, several studies have focused on bifidobacteria isolated from non-human primates. As a result, 11 novel bifidobacterial species have been described from the prosimian Lemur catta and from two New World monkey species, Callithrix jacchus and Saguinus midas (Endo et al., 2012; Michelini et al., 2015 Michelini et al., , 2016 Modesto et al., 2014) . From apes, the novel species Bifidobacterium moukalabense was isolated from the faeces of a wild gorilla (Gorilla gorilla gorilla) (Tsuchida et al., 2014) . Furthermore, Bifidobacterium angulatum was isolated from an adult female chimpanzee (Pan troglodytes verus) (Tsuchida et al., 2014; Ushida et al., 2010) and Bifidobacterium dentium and Bifidobacterium adolescentis were isolated from chimpanzee (Pan troglodytes verus) and orangutan (Pongo pygmaeus), respectively (D'Aimmo et al., 2012) ; these three latter species are usually found in humans.
During the present study on cultivable bifidobacteria in members of the Lemuridae, 40 strains were isolated from fresh faecal samples of two adult black lemurs (Eulemur macaco) housed under semi-natural conditions in Parco Natura Viva, Verona, northern Italy.
The black lemur belongs to the family Lemuridae and occurs in almost all forested areas of Madagascar except for the spiny forests. Lemurs of the genus Eulemur, including Eulemur macaco, are usually considered to be generalized, opportunistic frugivore-folivores with a high degree of ecological flexibility and a wide dietary regime, which includes fruit, leaves, leaf stems, flowers, flower stems, spiders, spider webs, caterpillars, cicadas, insect cocoons and sometimes birds (Jolly et al., 2006; Sauther et al., 1999) . They are monkeys with a gastrointestinal tract designed for variable yet moderate consumption of fibrous feeds and characterized by a simple stomach, a small intestine of moderate length and a caecum and colon of varied length, therefore allowing for a moderate fibre-fermentation capacity by microbes residing in the hindgut (Junge et al., 2009) .
Fresh faeces were collected from the ground using a sterile spoon, put into a sterile plastic tube and stored under anaerobic conditions in an anaerobic jar (Merck) at 4 8C. Samples were collected by the animal-care staff (keepers) during their routine cleaning of the enclosure, and were taken promptly to the laboratory (within 2 h). Samples of material (approx. 1-2 g) were serially diluted (10-fold) with peptone water (Merck) supplemented with cysteine hydrochloride (0.5 g l 21 ); aliquots of each dilution (from 1 : 10 to 1 : 10 9 ) were inoculated onto TOS agar (Sigma Aldrich). After incubation, morphologically different colonies were picked randomly and restreaked for several generations to assure the purity of strains. Pure cultures were grown overnight in TPY broth under anaerobic conditions and suspended in a 10 % (w/v) sterile skimmed milk solution, supplemented with lactose (3 %) and yeast extract (0.3 %), and kept both freeze-dried and frozen at 2120 8C.
Thirty-four isolates displayed cells with the peculiar C shape observed in Bifidobacterium lemurum DSM 28807 T . The other nine isolates showed rod-shaped cells, frequently forming filaments, with irregular contractions along the cells and bifurcations. All strains were cultivated under anaerobic conditions and maintained in TPY broth, pH 6.9, at 37 8C, unless indicated otherwise. Chromosomal DNA from all the isolated bacteria was obtained according to the method described by Rossi et al. (2000) .
For discrimination of the isolates, molecular typing was carried out using the enterobacterial repetitive intergenic consensus sequences (ERIC) PCR, with the primer pair ERIC1 (59-ATGTAAGCTCCTGGGGATTCAC-39) and ERIC2 (59-AAGTAAGTGACTGGGGTGAGCG-39) (Ventura et al., 2003) , and the BOX-PCR with primer BOXAR1 (59-CTA-CGGCAAGGCGACGCTGACG-39) (Masco et al., 2003) . The ERIC-PCR mixture (20 ml) contained 3.5 mM MgCl 2 , 20 mM Tris/HCl, 50 mM KCl, 200 mM each dNTP (HotStartTaq plus DNA polymerase MasterMix kit; Qiagen), 30 ng DNA template and 2 mM each primer. Amplifications were performed in an Applied Biosystems Veriti thermal cycler and the temperature profile consisted of an initial denaturation step at 94 8C for 3 min; 35 cycles of 94 8C for 30 s, at 48 8C for 30 s, and at 72 8C for 4 min; and a final extension step at 72 8C for 6 min. BOX-PCR was performed in a 20 ml amplification mixture containing 1.5 mM MgCl 2 , 20 mM Tris/HCl, 50 mM KCl, 200 mM each dNTP (HotStartTaq plus DNA polymerase MasterMix kit, Qiagen), an additional 0.05 mM of each dNTP, 70 ng DNA template and 2 mM each primer. The PCR amplification was performed in an Applied Biosystems Veriti Thermal cycler with the following temperature profile: an initial denaturation step at 94 8C for 3 min, 30 cycles of denaturing at 94 8C for 1 min, annealing at 50 8C for 1 min and extension at 65 8C for 8 min, and a final extension step at 65 8C for 16 min. Aliquots of each amplification reaction (15 ml each) were separated by electrophoresis in 2 % (w/v) agarose gels at 7 V cm 21 . Gels were stained with ethidium bromide (0.5 mg ml 21 ) and photographed under 260 nm UV light.
Two main groupings were identified on the basis of both ERIC-PCR and BOX-PCR banding profiles: group A, consisting of 34 isolates that displayed the same rep-PCR fingerprints as B. lemurum DSM 28807 T , and group B, consisting of nine strains with a homogeneous pattern different from that of group A ( Fig. S1 , available in the online Supplementary Material). The 16S rRNA gene from strain LMM_I9, selected as a representative strain for group A, was amplified and submitted to GenBank (accession no. KU171117); sequence similarity confirmed that group A belongs to B. lemurum. Strain LMM_E3 T was selected as a representative of group B and characterized further. In this study, morphological, biochemical and molecular characterizations of this isolate were carried out.
Using the primers listed in Table 1 , the partial 16S rRNA, hsp60, rpoB, dnaG, dnaJ, clpC and rpoC gene sequences of strain LMM_E3 T were amplified by PCR. All reactions were performed in 20 ml PCR mixtures containing 1.5 mM MgCl 2 , 20 mM Tris/HCl, 50 mM KCl, 200 mM each dNTP (HotStartTaq plus DNA polymerase MasterMix kit; Qiagen), 0.1 mM each primer and 30 or 200 ng DNA template for the 16S rRNA gene and for each housekeeping gene, respectively. Amplifications were performed using a TGradient thermal cycler (Biometra). The 16S rRNA gene and all housekeeping genes were amplified with the same touchdown PCR, performed as follows: initial denaturation (95 8C, 5 min) for HotStartTaq plus activation; four cycles of denaturation at 94 8C for 60 s, annealing at 62 8C for 60 s and extension at 72 8C for 90 s; 21 cycles of denaturation at 94 8C for 60 s, annealing at 60 8C for 60 s and extension at 72 8C for 90 s; and 15 cycles of denaturation at 94 8C for 60 s, annealing at 58 8C for 60 s and extension at 72 8C for 90 s; the PCR was completed with a single elongation step (10 min at 72 8C). The resulting amplicons were separated on 2 % agarose gels, followed by ethidium bromide staining, and PCR fragments were purified using the NucleoSpinGel and PCR clean up kit (Macherey-Nagel) following the manufacturer's instructions. Amplicons representing partial 16S rRNA, hsp60, rpoB, dnaG, dnaJ, clpC and rpoC genes were directly sequenced by Eurofins MWG Operon.
Almost-complete 16S rRNA gene sequence assembly was performed using CLC Sequence Viewer version 7.5 for MacOS. Sequences of closely related species were retrieved from the EMBL and GenBank nucleotide databases by comparison with database entries. Pairwise nucleotide sequence similarities were calculated with MatGat version 2.0 (Campanella et al., 2003) , using the Myers and Miller global alignment algorithm (Myers & Miller, 1988) .
A phylogenetic tree based on a total of 61 partial 16S rRNA gene sequences including those of members of the genus Bifidobacterium and of related genera was reconstructed after sequence alignment with CLUSTAL Omega in CLC Sequence Viewer. The maximum-likelihood tree (Cavalli-Sforza & Edwards, 1967) and evolutionary distances were computed with Kimura's two-parameter method (Kimura, 1980) in MEGA 6.0 (Tamura et al., 2013) . The tree was rooted using Micrococcus luteus DSM 20030 T . The statistical reliability of the tree was evaluated by bootstrap analysis of 1000 replicates (Felsenstein, 1985) (Fig. S2 ).
Strain LMM_E3 T showed the highest 16S rRNA gene sequence similarity to B. lemurum DSM 28807 T (99.3 %), isolated by Modesto et al. (2015) from the ring-tailed lemur (Lemur catta), and to Bifidobacterium pullorum LMG 21816 T (96.4 %).
As the 16S rRNA gene sequence similarity of strain LMM_E3 T to known bifidobacterial species was higher than the recommended value (97 %) for species differentiation (Kim et al., 2014) , DNA-DNA hybridization between strain LMM_E3 T and B. lemurum DSM 28807 T was carried out. Estimation of the level of relatedness between B. lemurum DSM 28807 T and strain LMM_E3 T was determined by the DSMZ, Braunschweig, Germany. Using a Constant Systems TS 0.75 kW (IUL Instruments), cells were disrupted and DNA in the crude lysate was purified by chromatography on hydroxyapatite as described by Cashion et al. (1977) . DNA-DNA hybridization was performed according to De Ley et al. (1970) under consideration of the modifications described by Huss et al. (1983) using a model Cary 100 Bio UV/Vis spectrophotometer equipped with a Peltier-thermostatted 666 multicell changer and a temperature controller with in-situ temperature probe (Varian). Strain LMM_E3 T shared 65.4 and 67.2 % (direct and reciprocal values, respectively) DNA-DNA relatedness with B. lemurum DSM 28807 T ; these values support the conclusion that the strains do not belong to the same species when the recommendation of a threshold value of 70 % DNA-DNA relatedness for the definition of bacterial species is considered (Wayne et al., 1987) . However, these values suggest that the strains are closely related.
The phylogenetic location of the novel strain LMM_E3 T was also verified by the analysis of six genetic markers, hsp60, rpoB, dnaG, dnaJ, clpC and rpoC, that have proven to be discriminative for classification of the genus Bifidobacterium (Jian et al., 2001; Kim et al., 2010; Ventura et al., 2006) . Indeed, multilocus sequence analysis (MLSA) is a reliable and robust technique for the identification and classification of bacterial isolates to the species level, representing an alternative to 16S rRNA gene sequence analysis (Martens et al., 2008) .
The partial hsp60, rpoB, dnaG, dnaJ, clpC and rpoC gene sequences of strain LMM_E3 T and of its closest relatives 
retrieved from the DDBJ/GenBank/EMBL databases were aligned by using the MAFFT program, at CBRC (http:// mafft.cbrc.jp/alignment/software/) (Katoh & Standley, 2013) . The Gblocks program (version 0.91b), a server tool at the Castresana laboratory (http://molevol.cmima. csic.es/castresana/Gblocks_server.html), was then used to eliminate poorly aligned positions and divergent regions of DNA alignments, facilitating the phylogenetic analysis (Talavera & Castresana, 2007) .
Approximately 594 nt of the partial hsp60 gene sequences of strain LMM_E3 T and related species (retrieved from the EMBL and GenBank nucleotide databases) were used to reconstruct a phylogenetic tree by using the neighbour-joining method, with Kimura's two-parameter method as a substitution model. The statistical reliability of the tree was evaluated by bootstrap analysis of 1000 replicates (Fig. 1) . To conduct MLSA, the six housekeeping-gene sequences were concatenated, yielding approximately 4188 positions. The maximum-likelihood method, with Kimura's two-parameter method as a substitution model, was used to reconstruct a phylogenetic tree based on the concatenated sequences in MEGA 6. The statistical reliability of the tree was evaluated by bootstrap analysis of 1000 replicates (Fig. S3 ).
Phylogenetic tree reconstruction was also performed on the concatenated deduced amino acid sequences of the housekeeping genes by bootstrap analysis of 1000 replicates with the maximum-likelihood method. Evolutionary distances were computed using Kimura's two-parameter method and are in the units of the number of base substitutions per site (Fig. 2) . In this tree, LMM_E3 T is paraphyletic with respect to the monophyletic B. adolescentis and B. longum groups, in which B. lemurum DSM 28807 T is included.
hsp60 RFLP-PCR analysis, developed by Baffoni et al. (2013) , was described as a rapid tool for the efficient identification of bifidobacteria at the species and subspecies levels. The method was used to discriminate LMM_E3 T from B. lemurum DSM 28807 T after virtual digestion of the obtained hsp60 gene sequences with Hae III according to Baffoni et al. (2013) . The theoretical fragment patterns were different, 32-42-60-104-139-158 bp for LMM_E3 T and 10-42-81-104-139-158 bp for B. lemurum DSM 28807 T , suggesting the placement of the two strains in separate taxa (Fig. S4 ).
DNA G+C content estimation from bacterial chromosomal DNA of strain LMM_E3 T was performed by the DSMZ. Briefly, DNA was purified on hydroxyapatite according to the procedure of Cashion et al. (1977) and enzymically hydrolysed by the method of Mesbah et al. (1989) . The resulting deoxyribonucleosides were analysed by HPLC (Tamaoka & Komagata, 1984) . Strain LMM_E3 T showed a DNA G+C content of 62.3 mol%, within the range of values reported for the genus Bifidobacterium (52-67 mol%; Killer et al., 2010) .
Morphological, cultural and biochemical characterization of the isolate was performed anaerobically at 37 8C according to standard techniques unless otherwise stated.
The different morphologies of cells of strain LMM_E3 T and its closest relative B. lemurum DSM 28807 T , as revealed by phase-contrast microscopy, are shown in Fig. 3(a, b) : LMM_E3 T showed rod-shaped cells, while B. lemurum DSM 28807 T showed small, peculiar, C-shaped cells. The morphological characteristics of LMM_E3 T , as determined by scanning electron microscopy (SEM), are shown in Fig. 3(c, d) . For SEM observations, strains were cultured in TPY broth at 37 8C for 48 h under anaerobic conditions. After culturing, pelleted cells were spotted on Whatman no. 1 qualitative filter paper and air-dried. Samples were mounted on aluminium stubs with silver glue and coated with gold-palladium film using an ion-sputtering unit (Emitech K500); observations were made in a Philips 515 SEM at 7-10.0 kV.
The range of temperature for growth was determined by measuring the OD 600 of cultures incubated at 20, 25, 30, 35, 37, 40, 42, 45 and 47 8C for 48 h under anaerobic conditions. The sensitivity of the strain to low pH was assessed in TPY broth at 37 8C under anaerobic conditions for 48 h at pH 3.5, 4.0, 4.5, 5.0 and 5.5. Sensitivity to oxygen was tested under aerobic and microaerophilic conditions (CampyGen; Oxoid) using both TPY agar and TPY soft agar (0.6 %).
Haemolytic activity was determined on Columbia blood agar (Biolife) at 37 8C under anaerobic conditions for 48 h (Pineiro & Stanton, 2007) . Spore staining was performed using malachite green dye. Phase-contrast microscopy (Zeiss) was used to observe the morphology of individual cells, as well as spore staining. staining reagents (Merck Millipore), a 3 % (v/v) hydrogen peroxide solution and cotton swabs impregnated with N,N,N9,N9-tetramethyl p-phenylenediamine dihydrochloride and dried (Oxibioswab; Biolife), respectively. The motility of the strain was determined by stabbing the culture into TPY medium containing 0.4 % agar, knowing that motile strains show a diffuse growth spreading from the line of inoculation. Fermentation products (short-chain fatty acids) were analysed according to the method described by Holdeman et al. (1977) . Briefly, after growth in TPY broth with 1 % glucose, volatile acids were extracted with diethyl ether. A Carlo Erba 5300 gas chromatograph, with a Nukol capillary column (30 cm) at 170 8C, flameionization detector and hydrogen carrier gas, was used for the analysis. All strains tested fermented glucose to acetate and lactate in a ratio of 1 . 2 . Phylogenetic tree based on concatenated deduced amino acid sequences of the hsp60, clpC, dnaG, dnaJ, rpoB and rpoC genes, showing the relationship of the novel strain LMM_E3 T with strains of closely related species. The tree was reconstructed by the maximum-likelihood method and the sequences of Mycobacterium tuberculosis H37Rv T were used as an outgroup. Percentages of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches; values above 50 % are shown. Bar, 0.01 substitutions per nucleotide position. The accession numbers of the sequences used to generate the tree are described in Table S1. B. stellenboschense DSM 23968 T and B. scardovii LMG 21589 T were tested with API 50 CH and Rapid ID 32 test kits (bioMérieux). The results are summarized in Table 2 . The relevant differences between LMM_E3 T and the closest relative B. lemurum DSM 28807 T are as follows. Strain LMM_E3 T produced acid from D-sorbitol, whereas B. lemurum DSM 28807 T produced acid from cellobiose, melezitose and glycogen. Moreover, arginine dihydrolase, alkaline phosphatase, pyroglutamic acid arylamidase and glutamyl glutamic acid arylamidase activities were negative for LMM_E3 T but positive for B. lemurum DSM 28807 T (Table 2) .
Bifidobacteria and members of related genera possess a peculiar enzyme, fructose-6-phosphate phosphoketolase (F6PPK), which degrades hexoses via the F6PPK pathway and is considered a taxonomic marker for identification of species of Bifidobacterium and related genera . Detection of F6PPK activity was carried out according to the method described by Scardovi (1986) and modified by Orban & Patterson (2000) . All tested isolates possessed F6PPK activity.
Following the protocol of Schumann (2011) , the cell-wall murein composition of strain LMM_E3 T was examined by the DSMZ. The total hydrolysate of the peptidoglycan revealed the presence of muramic acid and the amino acids lysine, alanine, glutamic acid, serine and threonine. In addition, the peptides L-Ala-D-Glu, L-Lys-D-Ala, L-Lys-L-Ser, D-Ala-L-Lys-L-Ser, L-Ser-L-Thr and L-Ala-D-Ala were detected. After hydrolysis under stronger conditions (100 8C, 4 M HCl, 16 h), the peptides were almost completely hydrolysed and quantitative analysis resulted in the following ratio: 1.4 D-Ala; 1.2 L-Ala; 1.4 L-Thr; 0.8 L-Ser; 1.0 D-Glu; 2.8 L-Glu; 2.0 L-Lys. From these data, it was concluded that strain LMM_E3 T displayed the following peptidoglycan type: A3a L-Lys-L-Ser-L-Thr-L-Ala. This proposed peptidoglycan structure is different from that of B. lemurum; it is typical of several species of Arthrobacter but has not yet been detected in bifidobacterial species to the best of our knowledge. This is a strong point in favour of the assignment of LMM_E3 T to a novel species, since it is in agreement with the most recent guidelines described in the minimal standards for description of new taxa of the genera Bifidobacterium and Lactobacillus and related genera .
Based on phylogenetic analyses of concatenated deduced amino acid sequences of hsp60, rpoB, dnaG, dnaJ, rpoC and clpC, DNA-DNA hybridization analysis and other data, such as hsp60 RFLP-PCR, DNA G+C content and peptidoglycan structure, strain LMM_E3 T is genetically and phenotypically discernible from currently recognized species of bifidobacteria and thus represents a novel species, for which we suggest the name Bifidobacterium eulemuris sp. nov.
Description of Bifidobacterium eulemuris sp. nov.
Bifidobacterium eulemuris (eu.le.mu9ris. N.L. gen. n. eulemuris of Eulemur macaco, referring to the primate host of the type strain). no growth occurs at 30 or 47 uC. The optimum temperature for growth is 37-42 uC. Grows at pH 5.5-7.0, with an optimum at pH 6.5-7.0. Can grow in milk, under both microaerophilic and anaerobic conditions. Acid is produced from D-glucose, D-ribose, D-xylose, methyl b-D-xylopyranoside, D-mannose, D-mannitol, D-sorbitol, methyl a-D-glucopyranoside, amygdalin, arbutin, salicin, melibiose, raffinose, gentiobiose, turanose and potassium 5-ketogluconate. Acid may be produced from glycerol, L-arabinose, D-adonitol, D-fructose, N-acetylglucosamine, lactose, trehalose and potassium 2-ketogluconate. Acid is not produced from D-arabinose, L-xylose, D-galactose, L-sorbose, methyl a-D-mannopyranoside, cellobiose, melezitose, glycogen or potassium gluconate. Results from Rapid 32ID tests reveal enzymic activity of a-glucosidase, b-glucosidase, a-galactosidase, b-galactosidase, leucine arylamidase, arginine arylamidase, proline arylamidase, phenylalanine arylamidase, tyrosine arylamidase, alanine arylamidase, glycine arylamidase, histidine arylamidase and serine arylamidase. Leucyl glycine arylamidase is produced weakly. Negative for enzymic activities of urease, arginine dihydrolase, a-arabinosidase, b-glucuronidase, N-acetyl-b-glucosaminidase, a-fucosidase, alkaline phosphatase, pyroglutamic acid arylamidase and glutamyl glutamic acid arylamidase, reduction of nitrates and production of indole. Aesculin is hydrolysed. The peptidoglycan type is A3a L-Lys-L-Ser-L-Thr-L-Ala. Phylogenetic analysis of the 16S rRNA gene sequence places the species in the B. longum subgroup of the genus Bifidobacterium.
The type strain, LMM_E3 T (5DSM 100216 T 5JCM 30801 T ), was isolated in February 2014 from a fresh faecal sample of an adult black lemur (Eulemur macaco) that was housed under semi-natural conditions in the Parco Natura Viva, Verona, northern Italy. The DNA G+C content of the type strain is 62.3 mol%. 
